In order to understand the tissue specificity of the endocrine pancreas, it is important to clarify the expression profile of mRNAs in various states of the tissue. A total of ∼9000 non-redundant expressed genes from human pancreatic islets and insulinoma have so far been determined as expressed sequence tags (ESTs) and deposited in public databases. In the present study towards the identification of a complete set of genes expressed in human pancreatic islets, we have determined 3′-ESTs of 21 267 clones randomly selected from a cDNA library of human pancreatic islet tumors. Clustering analysis generated 6157 non-redundant sequences comprising 2323 groups and 3834 singletons. Nucleotide and peptide database searches show that 3103 of them represent known human sequences or homologs of genes identified in other species and 58 are new members of structurally related families. The sequences were classified on the basis of the putative protein functions encoded, and were assigned to the respective chromosome by database analysis. The sequences were also compared with the EST databases (dbEST and EPConDB) including ESTs from normal pancreatic islet, insulinoma, and fetal pancreas. Since 3384 genes were newly found to be expressed in human pancreatic islets and 587 of them were unique to the islets, this study has considerably expanded the catalog of genes expressed in the endocrine pancreas. The larger collection of pancreatic islet-related ESTs should provide a better genome source for molecular studies of differentiation, tissue-specific functions, and tumorigenesis of the endocrine pancreas as well as for genetic studies of diabetes mellitus.
Introduction
The pancreatic islets that play the central role in the regulation of glucose homeostasis include -, -, -, and PP-cells, all of which develop from common progenitor stem cells (Gordon & Halban 2001) . Glucagon and insulin, which are secreted from cells and cells respectively, counteract to maintain plasma glucose levels within the normal range.
Although its functional properties in the islets have not been established, somatostatin ( -cell) may negatively regulate both insulin and glucagon secretion through paracrine mechanisms. Diabetic patients exhibit elevated plasma glucose due to absolute or relative deficiency of insulin, together with inappropriately increased glucagon secretion, implicating desensitization of the cells in hyperglycemia (Gordon & Halban 2001) . While the insulin deficiency in chronic hyperglycemia is paramount, the metabolic derangement is a complex multi-hormonal disturbance.
The differentiation and morphogenesis of pancreatic islets has been well characterized in many laboratories. Most of the information on molecules that regulate cell differentiation and growth are found in the studies of a series of transcription factors (Habener & Stoffers 1998 , Edlund 2002 . Functional disorders of this network of regulatory functions might well lead to abnormal organogenesis, growth, or hormone synthesis of the endocrine pancreas. To clarify the molecular mechanisms of tissue-specific functions in both normal and disease states, it is important to understand both the molecular architecture of the endocrine pancreas and the gene products which confer on functional islet cells their ability to differentiate and secrete a unique hormone.
Recently, the genome project has identified 35 000 genes in human chromosomes (International Human Genome Sequencing Consortium 2001), but a significant fraction of them are hypothetical, revealed only by a computer prediction program. Thus, genetic studies rely largely on public sources of expressed sequence tags (EST) generated by single-pass sequencing of the termini of cDNAs (Adams et al. 1991) . Sequences obtained by random selection of cDNA clones from the library can generate a statistical picture of the level and complexity of gene expression in a tissue of interest. We previously reported a preliminary trial of sequencing and characterization of 1000 human pancreatic islet cDNAs (Takeda et al. 1993 (Takeda et al. , 1995 . While additional normal pancreatic islet ESTs have now been identified and deposited in the public databases (Bernal-Mizrachi et al. 2003 , Kaestner et al. 2003 , it is still difficult to obtain the required number of human normal islets of good quality without contamination by exocrine pancreatic tissue for library construction. In this context, additional pure sequences from various human insulinomas have been collected (Bernal-Mizrachi et al. 2003 , Kaestner et al. 2003 . This approach to accumulating tumor sequences provides a significantly larger set of non-redundant islet sequences, since the tumor tissues generally express a subset of mRNAs at high levels which are expressed at very low levels that can barely be detected in normal tissues. Accordingly, other tissue sources with altered levels of mRNAs should also be similarly searched to increase the number of non-redundant genes.
In this study towards the identification of a complete set of genes expressed in pancreatic islets in both normal and disease states, we have significantly expanded the list of non-redundant islet-related ESTs in the public databases, using a cDNA library of pooled human pancreatic islet tumors. Islet cell tumors exhibit great variability in both clinical manifestations and structural cell features, and often secrete not only cell-specific hormones but also other islet-related hormones. Accordingly, because of the shared features of pluripotency and the varied grade of differentiation, islet cell tumors are especially suitable for efficiently covering the wider spectrum of mRNAs involved in differentiation, tumorigenesis, and cell-specific functions of the endocrine pancreas.
Materials and methods

Single-pass cDNA sequencing
An oligo dT-primed unidirectional cDNA library with inserts larger than 400 bp, which was constructed using mRNAs from pooled islet cell tumors and the Uni-ZAP XR vector system, was purchased from Stratagene (La Jolla, CA, USA). Although the characteristic features of the tumor tissues used for library construction were not available from the manufacturer, admixture of the different islet tumors should increase the complexity of the cDNAs. Plasmid DNAs were prepared as described previously (Takeda et al. 1993) . Briefly, the unidirectional cDNA library was excised in vivo from the phage into phagemid DNA using the ExAssist helper phage (Stratagene). Phagemid particles were transfected into E. coli SOLR (Stratagene) and plated on LB-Amp plates to generate plasmid forms. The colonies were randomly selected from the plates and plasmid DNAs were extracted using the Biomek 2000 miniprep system (Beckman, Fullerton, CA, USA). The inserts of the cDNA clones were sequenced from both ends. DNA sequencing was performed using an ABI PRISM BigDye Terminator Cycle Sequencing FS Ready Reaction Kit (Applied Biosystems, Foster City, CA, USA). The sequencing reaction products were analyzed by an Applied Biosystems DNA sequencer model 3700. Quality assessment and base trimming of each sequence were performed using PE Sequencing Analysis 3·3 software (Applied Biosystems). Contaminated vector sequences were removed using Assembly LIGN (copyright by Oxford Molecular Group plc). Sequences containing less than 1% ambiguous bases longer than 200 bp were counted as good sequences.
Database analysis of human pancreatic islet ESTs
We analyzed 22 000 3 -ESTs from human pancreatic islet tumors together with nonredundant nucleotide and peptide sequences extracted in silico from GenBank databases at the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/). We first removed tracks of ambiguous residues from the obtained ESTs and masked the highly repetitive sequences by RepeatMasker (http://ftp.genome. washington.edu/RM/RepeatMasker.html).
The resultant sequences were subjected to a BLAST search against a merged database containing daily updates of human sequences from GenBank. The program BLASTN (Altschul et al. 1997 ) was used to compare the sequences at the level of the nucleic acids. If a query EST sequence shared more than 95% sequence identity without masked and ambiguous nucleotides and showed a score of more than 235 with any other sequences in the database, it was grouped with the query. If there was at least one sequence in common, groups were merged into a single cluster. An EST sequence that did not belong to any of the clusters is a singleton. To assemble the sequences that belonged in each cluster, we applied the CAP2 program to make contigs (Huang 1996) . The EST clones without any match to known genes in the nucleotide database were re-sequenced from the 5 -end. Because the sequences from the 5 -end are more likely to provide protein coding information, the BLASTX program (Altschul et al. 1997 ) was used to conceptually translate the 5 -EST sequence in all six reading frames and compare the sequences with those in the peptide database at NCBI. ESTs identical or highly similar to known genes were classified into seven major categories according to the general functions of the proteins encoded, and then further classified into subcategories according to their specific functions. Computer-based chromosomal localization of the ESTs was also performed using the UniGene database at NCBI, a repository of clustered EST sequences from various tissues and their assigned chromosomes.
Results and discussion
Characterization of human pancreatic islet tumor ESTs
A total of 22 000 random clones from a unidirectional cDNA library were partially sequenced from the 3 -end to generate 21 267 sequences with good quality. Such large-scale sequencing generally provides highly redundant ESTs that should be aligned and assembled for a set of unique genes. After 1520 repetitive sequences (7·1%) and 4764 mitochondrial DNAs (22·4%) were removed, the remaining 14 983 3 -ESTs (DDBJ accession BP383879-398856, BP433025-433029) were assembled into non-redundant sequence groups. The clustering analysis generated 6157 non-redundant sequences comprising 2323 groups of sequences and 3834 singletons (Table 1) . Of these, 3082 were known genes. Since no genes for major secretory proteins of the exocrine pancreas, such as -amylase, pancreatic lipase, elastase, and trypsinogen, were identified in this study, nearly 100% of the ESTs obtained should originate from the endocrine pancreas. Relative frequencies of the ESTs for each gene reflect the average level of expression of the corresponding mRNAs in the pooled tissues. Since groups with a redundancy of 1-5 times accounted for 93·8% of the groups, our massive sequencing was clearly effective in identifying a larger number of non-redundant mRNAs expressed at moderate levels (Table 2 ). Approximately 6% of the ESTs were identified 6-20 times. Fifty-nine abundant sequences identified more than 20 times (0·8%) are shown in Table 3 . Of these, guanine nucleotide binding protein (Gs ) (255 times) and translation elongation factor-1 (156 times) are most abundant in this library, and were also frequently found in our previous study of normal islets (Takeda et al. 1993) . Genes for myosin binding protein C, ferritin heavy and light chains, ribosomal proteins, actin isoforms, and glyceraldehyde-3-phosphate dehydrogenase are also abundant both in normal islets and tumors, suggesting that these genes are essential for cell life. While the highly expressed clones are mostly house-keeping genes, the pancreatic polypeptide (PP) (154 times) and islet amyloid polypeptide (IAPP)/amylin (41 times) genes are specific to PP and cells respectively. As none of the other genes for islet-specific hormones have been identified at high frequency (glucagon only once, and insulin, somatostatin, and other related hormones have not been found), the tissues used for a cDNA library (Stratagene) should not be functioning hormone-secreting tumors, but IA-1 protein, which is associated with human insulinoma (Goto et al. 1992) , is moderately expressed (10 times). Elevated plasma PP levels have been reported in 50% of patients with pancreatic islet tumors (Polak et al. 1976) , which is consistent with the frequency of PP found in this study. Transthyretin (25 times) is also specific to liver and pancreatic islets, but its functional properties in islet cells are unknown (Itoh et al. 1992) . Sulfonylurea receptor (SUR1), a component of the K ATP channel essential for insulin secretion, is also moderately expressed (15 times). High expression of neuroendocrine secretory protein 55 (153 times), prohormone processing enzymes of carboxypeptidase E (82 times), PC2 (37 times), and chromogranin A (38 times) suggest the hormonesecretion machinery of endocrine pancreas. High expression of zinc finger protein (GOS24), c-fos oncogene, basic transcription factor 3, leukemia (CLL)-associated antigen KW-3, and tumor protein TPT1 may be associated with tumorigenesis of the islet cells.
Expression profile of known genes in pancreatic islet system
ESTs showing identity or high similarity to known genes were classified into seven major categories on the basis of putative general functions of the protein encoded, as described previously. The categories are cell division, cell signaling/communication, cell structure/motility, cell/organism defence, gene/ protein expression, metabolism, and unclassified (Adams et al. 1995 , Hwang et al. 1997 ). In total, 3104 known genes, 21 of which were identified following a BLASTX search as described below, are represented in the classified data set (supplement at http://imcr.sb.gunma-u.ac.jp/lab/ genetics/isletDB.xls.zip). In accord with studies of other tissues, the largest category of genes was gene/protein expression (723 genes, 23·3%) (Fig. 1) . Successively, smaller categories were cell signaling and communication (18·8%), metabolism (16·1%), cell structure/motility (8·1%) cell/ organism defence (6·1%), and cell division (5·0%). ESTs lacking sufficient information to be classified constituted the remainder (22·8%). To further analyze the molecular complexity, each major category was subdivided according to the putative specific functions of the proteins. For example, the largest category, gene/protein expression, was subdivided into eight subgroups (Fig. 2 ). Of these, transcription factors includes the largest number of non-redundant genes (256 genes), and ESTs for ribosomal proteins were identified most frequently (864 ESTs for 99 different proteins) (see web-site supplement). The transcription factors include ISL1, Beta2/NeuroD1, C/EBP, Pax6, NF B, HIxB9, etc, which are essential in islet cell differentiation (Habener & Stoffers 1998 , Edlund 2002 . As these frequencies are markedly higher than those found in the previous study of normal islets (Takeda et al. 1993) , the constellation of these genes suggests association with continuous cell growth. 
Human homologs of known genes and new members of gene families
In this study, 49·9% of the non-redundant 3 -ESTs did not match any of the known genes in the nucleotide database. To identify novel human genes encoding proteins structurally related to the known proteins, we performed a BLASTX search in the peptide databases using 4486 5 -ESTs, with a P value of 10 7 and a similarity of 50% as the cut off for significant similarity. Thirty-three amino acid sequences predicted from 46 ESTs showed 100% identity to the known human sequences, indicating that the 3 -end sequences of these clones are not contained in the cDNA sequences deposited in the nucleotide databases. These ESTs, including the 21 new genes, were then assigned to the known groups. Of those remaining, 58 represent human homologs of genes identified in other species or new members of structurally related families (Table 4) . Of these, the proteins similar to zinc finger proteins, retrovirus-related POL polyproteins, and modifying enzymes were most abundant. Functional analyses of the proteins identified through this approach should clarify the role of new members of structurally related families in pancreatic islets. The remaining ESTs (2984 genes) were not related to any other sequences in the databases. As found in similar large-scale cDNA sequencing studies carried out in other tissues, about 50% of the clones appear to be derived from genes that have not previously been described.
Collection of non-redundant ESTs newly found in endocrine pancreas
Since a number of the mRNAs might be up-or down-regulated in disease states including diabetes mellitus and islet cell tumors, even in normal physiological conditions, it is especially important to collect as many non-redundant cDNA clones from multiple tissue sources as possible to cover the wider spectrum of expressed genes involved in its pathogenesis. The Endocrine Pancreas Consortium (EPCon) has created four, one, and two human cDNA libraries from normal pancreatic islets, insulinoma, and fetal pancreas respectively, along with the ESTs determined from each library (Bernal-Mizrachi et al. 2003 , Kaestner et al. 2003 . In total, 48 000 ESTs from these tissues representing 9000 non-redundant sequences (UniGene) are available in the public EST database (dbEST) at NCBI and EPConDB (http:// www.cbil.upem.edu/EPCoDB/). The 6157 nonredundant ESTs obtained in this study were compared with these islet-related ESTs in dbEST and EPConDB using the BLASTN program. Of 3082 and 3075 known and unknown ESTs, 1789 and 984 respectively matched with sequences in the databases (Fig. 3) . As the remainder of the 3384 genes (55%) are newly added to the molecular catalog, this characterization of islet-cell tumor cDNAs represents a significant increase in the number of non-redundant ESTs. Altogether, 13 000 genes of various levels of expression have been found in normal and tumor tissues of human pancreatic islets and fetal pancreas. The newly found genes in this study were further compared with 5 041 573 EST entries from other human tissues (dbEST release 041103), resulting in the identification of 587 genes with no match to any of the sequences in dbEST. These genes could be specific to pancreatic islets or their expression levels might be very low in other tissues. Large-scale in situ hybridization analysis using these sequences is in progress in our laboratory to determine their tissue distribution. Figure 3 Comparison of non-redundant human islet-cell tumor ESTs with islet-related sequences in dbEST and EPConDB. In total, 36 888, 10 201, and 1368 sequences from human pancreatic islets, insulinomas, and fetal pancreas respectively, are deposited in the databases (Bernal-Mizrachi et al. 2003, dbEST release 041103) . In this study, 3082 known genes and 3075 unknown genes were examined. The numbers of sequences with a significant match between the tissues are shown. Of the known and unknown ESTs of this study, 1293 and 2091 respectively show no significant match with any of the islet-related sequences in the databases.
understanding of the tissue-specificity and tumorigenesis of endocrine pancreas.
Future directions of genetic studies of diabetes mellitus
Various mutations in the genes are involved in the more than 3000 genetic disorders so far described in man, and efforts are now being made to map the genes of interest on the genome that are actually expressed in a particular tissue or cell to facilitate more rapid isolation of disease genes.
In this study, we describe a collection of 19 469 human pancreatic islet-related ESTs (3 -EST 14 983 and 5 -EST 4486) representing 6157 different transcripts; 4764 ESTs for mitochondrial sequences are not included in this collection. Establishment of a molecular catalog of expressed genes will facilitate the development of DNA microarray technology. At present, PanChip microarray, which was prepared using 3400 cDNA sequences from the mouse whole pancreas (Scearce et al. 2002) , is only available for the analysis of gene expression in murine pancreas. Accordingly, the human islet-specific EST microarray should be important for the analysis of human diseases using limited amounts of the tissues. Such an effort is in progress in our laboratory. The functional analysis of newly discovered genes through this approach might sufficiently clarify the molecular mechanisms underlying the pathogenesis of diabetes and lead to new therapies for the improvement and regeneration of -cell functions through manipulation of gene expression or products. Each of the genes described here was assigned to its chromosome by analysis of the UniGene and PubMed literature databases at NCBI (Table 4) . Coupled with integrated information on islet-specific functions, our chromosomal mapping should complement genetic linkage studies and facilitate positional candidate cloning for the identification of diabetogenes in genetically defined regions.
